to 1000 °C.
• The first weight loss event is associated with the exothermic formate-nitrate reaction.
• The second weight loss event is probably the decomposition of oxalate.
• No strong evidence of a specific melt point was observed making the use of these methods for melt rate determination unlikely.
• DSC, TGA and ARC data is useful for understanding the cold cap chemical processes and could assist in developing more detailed cold cap chemistry models. Additional research using thermal analysis methods could significantly increase our understanding of the melting process and thereby improve our capabilities at predicting the impact of feed compositional changes on the melter process.
The information developed through the application of thermal analysis methods can significantly improve our understanding of the reactions/processes occurring within the DWPF melter cold cap. This information can also be used in improving the chemistry in models of the melter cold cap and aid in forecasting the impacts of changes in feed composition on melter operation. Therefore, additional work on thermal analysis in the following areas is recommended.
• Complete work on developing sensitivity curves for the Netzsch DSC measurements to allow measurement of the heats of reaction for processes occurring within simulated DWPF feed samples.
• Develop thermal information on alternate salts that could form or are present in the DWPF melter cold cap.
• Develop tests to confirm the presence of intermediate compounds in samples heated to different cold cap conditions (intermediate temperatures for different lengths of time).
• Complete integration of the TGA system with the mass spectrometer to allow continuous monitoring of the vapor composition exiting the Netzsch instrument.
• Interface the Agilent on-line gas chromatograph with a mole sieve column to the Netzsch instrument to allow measurement of hydrogen generation during TGA measurements.
• Transfer the results of the thermal analysis testing to researchers working on Cold Cap modeling to aid in improving such models.
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INTRODUCTION AND BACKGROUND
The product of the Slurry Mix Evaporator (SME) is a high-solids, aqueous slurry of glass frit and high level waste. This slurry, after definition as acceptable feed, is transferred to the Melter Feed Tank and subsequently fed directly onto the molten glass surface to vitrify the waste. The melter feed forms a structure referred to as the cold cap that transitions from aqueous slurry to molten glass. The material in the cold cap experiences a temperature gradient from sub boiling (50 ° C) to 1150 ° C. Thermal analysis methods provide an excellent tool for investigating the processes occurring within the cold cap. This report reviews the results obtained to date from the application of thermal analysis methods to SME product samples. The samples used in the study were from a study on the impact of acid stoichiometry and redox on melt rate. 1 All data reported in this report was produced using non-radioactive simulated waste.
THERMAL ANALYSIS METHODS
Thermal analysis is a group of techniques which monitor a physical property of a material as a function of temperature while applying a controlled temperature program to the material. In essence, the controlled temperature program produces a data curve that can be considered to be a cross-section of the melter cold cap. The techniques applied to the SME samples included differential scanning calorimetry (DSC), thermogravimetic analysis (TGA), and accelerating rate calorimeter (ARC). Work also progressed on setting up equipment to perform evolved gas analysis (EGA). The instruments used were a Netzsch Simultaneous TGA-DSC Model STA-409PC Luxx and a TIAX ARC® Calorimeter. Each of these techniques will be individually described along with their individual capabilities and limitations.
Differential Scanning Calorimetry (DSC)
DSC measures the heat flow and exothermic/endothermic reactions produced as a function of temperature during chemical processes. These processes include phase transitions and chemical reactions. The process can be an endothermic (heat absorbing) or exothermic (heat generating) process. A typical DSC curve for the SME product samples is shown in Figure 2 -1. When examining a DSC curve the most important fact to note, is how an exothermic process is indicated on the y-axis. In this report, positive values for the ordinate indicate an exothermic process as marked in Figure 2 -1 and negative values indicate an endothermic process. The typical sample size for DSC analysis is small (5-50 mg) allowing for fast temperature programming rates. The temperature programming range for the Netzsch DSC is 25 to 1500 °C at rates from 0 to 50 ° C/minute. The atmosphere around the sample can also be controlled by using a vacuum (10 -7 atmospheres) or by purging with an inert or reactive sweep gas.
Several factors must be considered when generating or evaluating DSC data. First, the material to be analyzed must be uniform in composition or as homogenous as possible. The very small sample size means that sampling error due to lack of homogeneity can be very large. The sample size makes it possible to miss a possible heat-related event due to poor sampling or conversely to detect something that is not representative of the bulk material. Second, the shape of the DSC curve is strongly influenced by both the sample properties (particle size, sample amount, etc.) and the instrumental factors (atmosphere, furnace geometry, sample holder geometry and material, heating rate, etc.). 2 Because of these issues, quantitative evaluation of characteristic temperatures (onset of an endo/exotherm, maximum of an endo/exotherm, end of an endo/exotherm) must be conducted from a qualitative point of view. Comparisons between samples run on different instruments can be difficult. 
Thermogravimetric Analysis (TGA)
Thermogravimetric analysis is the quantitative measurement of weight change as a function of temperature in a controlled atmosphere. TGA is capable of detecting dehydration, oxidation/reduction, and decomposition reactions assuming that a volatile product is produced. Figure 2 -2 shows a typical TGA curve for a SME product sample. Also shown in Figure 2 -2 is the derivative of the weight loss curve which aids in identifying the temperature at which the maximum rate of weight loss is observed. The typical sample size for TGA can range from small (5-50 mg) up to large (0.5-10 gram) allowing for temperature programming rates to vary from fast to very slow (necessary for large samples). The temperature programming range for the Netzsch DSC is 25 to 1500 °C at rates from 0 to 50 ° C/minute. The atmosphere around the sample can also be controlled by using a vacuum (10 -7 atmospheres), static atmosphere or by purging with an inert or reactive sweep gas. TGA is often combined with EGA since the larger sample sizes combined with slow temperature ramp rates aid with the chemical characterization of offgas composition.
TGA has issues similar to those mentioned above for DSC with both sampling and with the nature of the data generated. The shape of the TGA curve is strongly influenced by both the sample properties (particle size, sample amount, etc.) and the instrumental factors (atmosphere, furnace geometry, sample holder geometry and material, heating rate, etc.). Because of these issues, quantitative evaluation of characteristic temperatures (onset of mass loss, maximum rate of mass loss, and the end of mass loss) must be conducted from a qualitative point of view. Comparisons between samples run on different instruments can be difficult. 
Accelerating Rate Calorimeter (ARC)
The ARC is an adiabatic calorimeter capable of monitoring both temperature and pressure of a sample as the temperature of the sample vessel is increased. The ARC is primarily used to test for the presence of hazardous, self-heating runaway reactions. The TIAX ARC® Calorimeter temperature range is 25-500 °C and the pressure maximum is based on the materials of the sample vessel.
Evolved Gas Analysis (EGA)
Evolved Gas Analysis is based on analyzing the gaseous products produced during a thermal analysis experiment. The gas analysis is usually performed by passing the gas stream to a mass spectrometer but can also be performed by other instrumental methods including online gas chromatography, Fourier transform infrared spectroscopy and other methods. The instruments available for EGA for this study were an Agilent 6890 gas chromatograph interfaced to an Agilent 5893 quadrupole mass spectrometer. As currently configured the gas chromatograph includes a manual gas sampling valve. This allows the researcher to selectively sample at a specific time (temperature) the vapor exiting the thermal analysis equipment. Continuous sampling is not currently available.
RESULTS
DSC Results
Samples for thermal analysis were obtained from SME product batches prepared using Frit 432 with sludge batch 2 at 35 % waste loading and at varying acid addition levels (140, 155, and 170% stoichiometry). The SME material was produced to support DWPF melt rate studies. These samples prepared by drying at 85 °C to remove the bulk of the water present prior to introduction to the Netzsch DSC-TG instrument. The samples were run in the combined DSC-TG mode at 10 °C/min heating rate from 80-1100 °C.
The DSC curves for SME product samples show one major exothermic event and the rest of the curve is endothermic in nature. 
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The specific details (start, maxima, area etc) for the major exotherm peak are given in Table 3 -1. The sample label is the percent acid stoichiometry used in preparing these melter feeds. The area value can be converted to a heat of reaction value after the instrument has been calibrated. The major exotherm which maximizes at about 275 °C is probably due to the exothermic oxidationreduction reaction between formate and nitrate salts. Evolved gas analysis data obtained on similar melter feed samples at PNNL supports a reaction which generates CO 2 and NO in this temperature range. 3 The mechanism for the reaction may involve the melting of one of the salts to allow intimate contact between the solids. Table 3 -2 lists the melting points for the major salts that would be expected to be present in the SME product. From this information and the onset temperatures observed in the DSC curves, the melting of sodium formate seems to be the most likely mechanism for initiation of the exothermic reaction.
The melting of crystalline solids is an endothermic process and will generate specially shaped endothermic peak during a DSC run. 4 As the solid sample melts the temperature of the sample remains constant producing a nearly linear leading edge of the DSC peak. When the sample has completely melted, the temperature of the sample compared to the reference rises quickly to the oven temperature forming an exponential curve back to the oven conditions. 
Figure 3-2 Typical DSC curve for melting of a crystalline solid (gold).
An examination of the endothermic portion of the DSC curves for SME product samples in Figure 3 -1 does not show any well-defined peaks that match this peak structure. This suggests either that the amount of specific crystalline material is very small or that there are so many small, overlapped peaks it is difficult to see this response.
TGA Results
TGA measures the mass change of a sample due to the generation of a volatile component as a function of temperature. Processes such as melting which do not generate volatile components will not produce a change in the TGA curve. Figure 3 -3 displays the TGA curves for three different SME products produced using three different acid levels. The figure shows two different types of curves. The first is a mass loss curve in units of % mass remaining and the second curve is the derivative of the mass loss curve with respect to time. All of the mass loss curves are similar and the derivative curves indicate that there are two main mass loss events. The first is centered at about 275 °C and the second at about 560 °C. The first major mass loss in the TGA curves correlates well with the exotherm observed in the corresponding DSC runs for the same samples. The specific details for the first major mass loss are given in Table 3 -3. Note that the minimum in the derivative curve corresponds to the temperature at which maximum rate of mass loss is occurring which is the inflection point for that break on the % mass curve. As previously discussed, this mass loss is probably due to the oxidation-reduction reaction between formate and nitrate leading to the complete destruction of the nitrates in the sample. The second major mass loss from the TGA curves is located at about 560 °C and seems to match a minor endotherm on the DSC curves. Table 3 -4 lists the measured details for the second mass loss. A comparison of the TGA data from the SME product samples with TGA curves for some of the salts that potentially could present in the samples identified sodium oxalate as the most likely candidate for producing the observed mass loss. Figure 3-4 shows a comparison of the derivative TGA curves for a SME sample and for anhydrous sodium oxalate and indicates a good match for this decomposition. Sodium oxalate was not added to the simulant used to prepare the SME product samples. Therefore, a mechanism to generate the oxalate anion would have to be present. The most likely carbon source is the formate that makes the melter feed samples reducing. The following sequence of reactions seems to be the most likely by which formate converts to oxalate and then on to carbonate and finally CO 2 . Reaction (1) is reported in the Merck Index as the thermal decomposition reaction for sodium formate. Reactions (2) and (3) have been well established as part of the use of calcium oxalate monohydrate as a standard for TGA work. 
ARC Data
Limited exploratory testing of the application of ARC to SME product samples was performed this year. The initial focus of this testing was to determine if the ARC could provide additional insight on SME product melting behavior through pressure measurements and whether the ARC could detect any significant differences due to the addition of formic acid to SME products. The samples tested were SME products with and without additional formic acid added after the SME process was completed.
The ARC was run in a mode similar to the Netzsch analyzer in that the sample temperature and pressure was monitored as the temperature of the heater was increased at a set rate from 25 to 500 °C starting with a slurry sample of about 1.5 grams. Figure 3 -5 displays the temperature results for the SME samples tested. The data plotted on the y-axis is the difference between the rate of change of the sample's temperature and the heater's temperature while the X-axis is the sample temperature. This is similar to a differential thermal analysis (DTA) result. Note that first three curves listed in the figure's legend are plotted against the y-axis scale on the left side of the plot and the red curve (fourth in the list) is plotted against a separate y-axis scale on the right side of the plot.
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∆T/min The fourth curve was also collected using a faster rate of temperature increase (20 °C/min versus 10 °C/min) than the first three curves. Therefore, the magnitude of the exothermic peak in the fourth curve should not be compared to the other three curves. In general, the data shows the same exothermic event that the DSC measurements show with only minor apparent differences between with and without additional formic acid. Figure 3 -6 displays the rate of change in pressure as a function of temperature from the ARC tests. As mentioned above, the magnitude of the peak in the fourth curve should not be compared to the other three curves due to the different heating rate. The first pressure rise is due to evaporation of the water in the aqueous slurry samples and the second pressure rise is due to the exothermic process detected in both the ARC data and the DSC data for SME samples. There do appear to be some qualitative differences in the pressure data and these should be investigated further while insuring that all tests are run under the same test conditions. Future testing with the ARC should be conducted using samples that have been initially dried to minimize the initial pressure rise.
EGA Results
Testing of the current sampling interface between the Netzsch DSC/TG instrument and the Agilent gas chromatograph/mass spectrometer has established that injection of a specific portion of the offgas from a thermal analysis run is possible. This will allow gas composition checking on a case by case basis as needed. However, additional modifications will be necessary to allow continuous monitoring of the off gas from a thermal analysis run.
RECOMMENDATIONS/PATH FORWARD
• Develop tests to confirm the presence of intermediate compounds in samples heated to different cold cap conditions. • Complete integration of the TGA system with the mass spectrometer to allow continuous monitoring of the vapor composition exiting the Netzsch instrument.
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